Carboxylic acids are present in many foods, being especially abundant in fruits. Yet, relatively little is known about how acids are detected by gustatory systems and whether they have a potential role in nutrition or provide other health benefits. Here we identify sour gustatory receptor neurons (GRNs) in tarsal taste sensilla of Drosophila melanogaster. We find that most tarsal sensilla harbor a sour GRN that is specifically activated by carboxylic and mineral acids but does not respond to sweet-and bitter-tasting chemicals or salt. One pair of taste sensilla features two GRNs that respond only to a subset of carboxylic acids and high concentrations of salt. All sour GRNs prominently express two Ionotropic Receptor (IR) genes, IR76b and IR25a, and we show that both these genes are necessary for the detection of acids. Furthermore, we establish that IR25a and IR76b are essential in sour GRNs of females for oviposition preference on acid-containing food. Our investigations reveal that acids activate a unique set of taste cells largely dedicated to sour taste, and they indicate that both pH/proton concentration and the structure of carboxylic acids contribute to sour GRN activation. Together, our studies provide new insights into the cellular and molecular basis of sour taste.
In Brief
Acids are abundant in fruit, a common food source. Chen and Amrein show that fruit flies have dedicated sour taste neurons in taste sensilla and require two ionotropic receptors (IR25a and IR76b) to sense acids. Moreover, they find that preference of females to oviposit on acidcontaining food is mediated by these taste neurons and receptors.
INTRODUCTION
The ability to sense and discriminate between different food chemicals is critical for fitness and survival of most animals. Species from evolutionarily distant animal phyla, such as vertebrates and arthropods, can exhibit surprisingly similar taste preferences [1] . For example, humans and Drosophila melanogaster exhibit strong appetitive responses to dietary sugars, which constitute a major energy resource, and they are generally repulsed by chemicals that taste bitter to humans [1] . In contrast to sweetand bitter-tasting chemicals, acids elicit varied behavioral responses, depending on their structure and concentration [2] . Strong acids, which damage the membrane integrity of most cells, elicit repulsion, but moderately acidic carboxylic acids-abundant in fruits-are regularly ingested by frugivores and generalist feeders and are well tolerated by many insects and mammals. For example, lemon and lime can contain up to 8% citric acid [3] , and the juice of many other fruits, including apples, grapes, and many types of berries, are moderately to strongly acidic (pH between 3 and 6). In mice and humans, acids are sensed by sour taste cells, interspersed among sweet-, bitter-, umami-, and salt-sensing cells in the taste buds of the tongue [4, 5] . Numerous candidate receptors and channels were found to be expressed in sour taste cells, such as ACCN1, HCN1/4, and PKD1L3/PKD2L1, albeit none has been shown to be essential for the perception of acids [4] . In contrast to mammals, no cellular entity or molecular receptors for sour taste in Drosophila have emerged to date. Given that most Drosophila species, including D. melanogaster, feed largely on fruits, we hypothesized that fruit flies are able to detect and sense acids.
The fly gustatory system is composed of hundreds of taste sensilla stereotypically arranged across multiple appendages, including the labellum and the legs. In the labellum, the majority of sensilla (referred to as large [l] or small [s] sensilla) harbor four gustatory receptor neurons (GRNs), whereas intermediate (i) sensilla contain only two GRNs [4, 6] . Based on electrophysiological recordings of taste sensilla and expression studies of Gustatory receptor (Gr) genes, it has been proposed that each GRN is dedicated to a specific taste modality, with the exception of bitter taste GRNs, which are also activated by high concentrations of salt. Specifically, three of the four GRNs of s-type sensilla are dedicated to sweet, bitter, and water taste, respectively. The two i-type-associated GRNs are responsive to bitter-and sweettasting chemicals each, and finally three of the four GRNs of l-type sensilla have been associated with sweet, water, and low-salt taste, respectively [7] [8] [9] [10] [11] [12] . Activation profiles of GRNs in sensilla on the legs have been characterized even less, and have focused mostly on the fifth tarsal segment. Two of the four GRNs in these sensilla respond to sugars and bitter-tasting chemicals, respectively [13] [14] [15] , whereas the roles of the remaining two neurons are unknown. Numerous studies have provided direct evidence that responses to bitter chemicals and sugars are mediated by members of the Gr protein family. Specifically, sweet GRNs express eight closely related sugar Gr genes, members of a large gene family, and were shown to mediate behavioral and cellular responses to specific sugars [11, 12, [16] [17] [18] [19] , whereas bitter GRNs express many of the remaining Gr genes, several of which have been shown to mediate bitter taste responses [8, 10, 20, 21] . Pickpocket 28 (Ppk28), a protein related to the mammalian degenerin/epithelial sodium channel protein family, is expressed in the water-sensing GRNs of labellar s-type sensilla and required for behavioral responses to water solutions of low molarity [9] . Last, ionotropic receptor 76b (IR76b) was shown to be necessary for low-salt and amino acid taste [7, 22] . Notably, IR76b is part of a second large chemoreceptor gene family evolutionarily related to ionotropic glutamate receptors (iGluRs). Members of the IR gene family were first reported in olfactory neurons of the antenna [23] , but subsequently a largely distinct subgroup of IR genes was shown to be expressed in many taste neurons [24] .
Here we identify sour GRNs in tarsal taste sensilla of Drosophila. Using Ca 2+ imaging experiments, we show that these neurons respond to mineral and carboxylic acids in a pH-dependent as well as a structure-dependent manner. Interestingly, we find that IR76b and IR25a are co-expressed in sour taste neurons and required for acid taste responses. We also show that oviposition preference for acidic food is mediated by the tarsal sour GRNs and dependent on both IR76b and IR25a. These observations, together with previous studies linking IR proteins to the detection of salt, amino acids, and odorants as well as monitoring temperature and sensing humidity [7, 22, 23, [25] [26] [27] [28] , led us to propose that these two IR proteins are part of multimodal receptors involved in up to five different sensory pathways.
RESULTS

IR76b and IR25a
Are Prominently Expressed in Nonsweet/Non-bitter GRNs The current dogma posits that Drosophila taste sensilla share a basic set of taste neurons, dedicated to sugar, bitter/high salt, low salt, and water [6] . However, the lack of marker genes for many taste neurons, especially those not representing sweet and bitter taste, has limited our ability to functionally analyze the GRN repertoire comprehensively. To identify novel GRN markers, we focused our attention on the IR gene family, numerous members of which are expressed in the gustatory system [23] . Examination of expression data from microarray analyses indicated that IR25a and IR76b are enriched and highly expressed in taste neurons [9] , and respective reporter transgenes revealed that these two genes are indeed broadly expressed in the taste system (see below). We therefore used IR-GAL4 and IR-QF transgenes to investigate the cellular expression profile of IR76b and IR25a in more detail, focusing on the most distal segment of the tarsi for three reasons. First, its anatomical location establishes this segment as the initial transmitter of chemosensory cues received by tarsi. Second, the number of sensilla on this segment is smaller and sensillum structure is more homogeneous compared to sensilla on the palps, and third, tarsal GRNs are amenable to single-cell Ca 2+ imaging, whereas this method has not yet been successfully applied to labellar GRNs [14] . Our analysis showed that IR76b-QF and IR25a-GAL4 are co-expressed, labeling up to three neurons in three pairs of taste sensilla (5b, 5s, and 5v; Figure 1A) . When IR76b-QF was combined with Gr33a-GAL4 and Gr64f-GAL4, cell markers for bitter and sweet GRNs, respectively [10, 12, 19] , we found broad expression overlap ( Figure 1B) . However, one GRN in both the 5b and 5s sensilla was labeled by
IR76b-QF, but neither by Gr33a-GAL4 nor Gr64f-GAL4 (Figure 1B) , suggesting that IR76b-QF labeled an additional neuron (referred to as IR76b only neuron) representing yet another taste modality. Intriguingly, the IR76b only neuron was also recognized by an antibody raised against IR25a [23] (Figure 1C ), suggesting that these two IRs might co-operate in this GRN to sense a specific group of chemicals.
We next examined the projections of IR76b GRNs located in the tarsi. Axons of bitter GRNs and Gr43a expressing sweet GRNs terminate in the subesophageal zone of the brain, whereas axons of most sweet GRNs project to and terminate in the thoracic ganglion [18, 29] . Interestingly, the axons of most IR76b only tarsal GRNs terminate in the thoracic ganglion as well, in areas distinct from those occupied by termini of sweet GRNs ( Figure 1D ). We note that additional IR76b onlyspecific termini are found between the pro-and mesathoracic ganglion ( Figures 1D and 1E ), a region that receives input from sensory neurons located in the anterior wing margin [30] . Taken together, these observations indicate that tarsal taste sensilla harbor an IR76b only GRN that is distinct from sweet and bitter GRNs.
Last, both IR25a and IR76b are also broadly expressed in the labial palp, but co-expression is less pronounced than in tarsi, with IR25a-GAL4 labeling more GRNs than IR76b-QF (Figure S1A) . Moreover, expression overlap between IR76b-GAL4 and markers for sweet/bitter GRNs is more complex, as many Gr33a-GAL4-and Gr64f-GAL4-positive neurons were not labeled by IR76b-QF (Figures S1B and S1C).
IR76b-Specific GRNs in the Tarsal Taste Sensilla Are Tuned to Acids To characterize the response profiles of IR76b only GRNs, we performed Ca 2+ imaging experiments on tarsal taste sensilla [14] . To facilitate identification of the IR76b only GRNs in each sensillum, we silenced GCaMP6 expression in sweet and bitter GRNs using GAL80 suppressor transgenes ( Figures 1C and 2A) . The response profiles for the 5b-and 5s-associated GRNs were very similar: stimulation with acids induced concentrationdependent Ca 2+ increases, whereas stimulation with sucrose, salt, or various bitter compounds elicited no responses (Figure 2B) . In contrast to 5b and 5s, which only harbor a single IR76b/IR25a-specific GRN, the 5v sensillum harbors two such neurons ( Figure 1D ), both of which showed narrow response profiles limited to glycolic and malic acid and high concentrations of salt ( Figure 2B , bottom panel). Together, our experiments establish that taste sensilla of the fifth tarsal segment differ in their composition of GRNs, harboring a novel, previously not characterized neuron that is largely (5v) or specifically (5b and 5s) tuned to acids. With the exception of the 5s sensilla (which are only found in the foretarsi), positions of all other sensilla on fifth segments are conserved in all three pairs of legs [13] , and Ca 2+ imaging of the respective IR76b-specific
GRNs showed similar response profiles. Because IR76b and IR25a are also expressed in sweet and bitter GRNs ( Figure 1B) , we tested whether these neurons respond to acids. Consistent with previous studies [31] , neither the sweet (Gr64f-GAL4) nor the bitter (Gr33a-GAL4) GRNs showed evidence for Ca 2+ increases when stimulated with the various acid compounds (Figures S2A and S2B) . We note that some bitter-sensing GRNs on the labellum were previously reported to respond to acids [32] . Tarsal projections of GRNs expressing IR76b (red) terminate predominantly in the thoracic ganglion, whereas most tarsal projections of GRNs expressing bitter Gr genes and a subset of GRNs expressing sweet Gr genes (green) bypass the ganglion to terminate in the subesophageal zone (SEZ ; IR76b-GAL4 Gr66a-LexA/UASGCaMP6m; Gr64f-LexA/LexAop-GAL80. GRNs of the 5a sensillum (dotted oval) were not counted in (A) and (B), as these neurons are thought to sense pheromones [13, 15] . All scale bars represent 10 mm. See also Figure S1 . Dose-dependent responses to specific acid ligands indicate that the proton concentration is a major determinant for the level of GRN activation. However, acid structure also contributes to the excitability of sour GRNs ( Figure 2B ). For example, 100 mM acetic acid (pH 2.88) elicits a significantly stronger response than the more acidic 10 mM citric acid (pH 2.62) or 10 mM HCl (pH 2.0) ( Figure S3A ). Similarly, 10 mM glycolic acid (pH 2.93) generates a stronger response than either 10 mM citric or tartaric acid (pH 2.62 and 2.52) or 10 mM HCl (pH 2.0) ( Figure S3B ). To further investigate the contribution of acid structure and proton concentration, we conducted Ca 2+ imaging experiments with buffered solutions of decreasing pH (5.4 to 3) but constant conjugate base concentration (100 mM), using mixtures of acetic or citric acids and their respective sodium salts ( Figure 2C ). Because the sour GRNs of the 5v sensillum also responded to NaCl, the analysis was restricted to sour GRNs of the 5b and 5s sensilla. Ca 2+ responses increased as the pH decreased, indicating that the proton concentration is a main determinant for the strength of GRN activation. Interestingly, no significant responses were observed for either 100 mM buffered solutions at pH 5 or higher, indicating that the conjugate base alone is not sufficient to activate the sour GRN in the absence of a threshold proton concentration.
Sour GRNs Mediate Acid Responses through IR76b-and IR25a-Containing Receptor Complexes
We wondered whether IR76b and IR25a are necessary in taste neurons to mediate sour taste responses. We first performed Ca 2+ imaging experiments on tarsi of homozygous mutant
IR76b flies ( Figure 3A) , and we observed that responses to both carboxylic and mineral acids were completely abolished in GRNs of such flies. Importantly, expressing a UAS-IR76b transgene in the sour GRNs in the mutant background restored the Ca 2+ responses ( Figure 3A ). Of note, IR76b is also required in the two sour GRNs of the 5v for responses to NaCl.
We next investigated the requirement for IR25a in the sour taste neuron. Similar to IR76b mutants, IR25a mutants completely lost responses to all acids tested, and these responses were fully rescued in the presence of a UAS-IR25a transgene, expressed under the control of IR25a-GAL4 (Figure 3B ). Taken together, these experiments show that both IR25a and IR76b are necessary for cellular responses to acids in sour taste GRNs.
The phenotypes described for IR25a and IR76b mutant flies are most consistent with roles as components in a sour taste receptor. However, other possibilities, such as functions in neural specification, neural differentiation, or cell viability, cannot be formally excluded. We note, however, that GRNs lacking IR76b or IR25a have normal gross morphology, and sweet GRNs of IR76b or IR25a mutant flies respond normally to sugars yet fail to respond to fatty acid ligands (J.-E. Ahn, Y.C., and H.A., unpublished data). Last, KCl, which activates potassium channels found in most central and peripheral neurons, elicits similar Ca 2+ response in sour GRNs of IR76b mutant and wild-type flies ( Figure 3A ), indicating that GRNs lacking IR76b are healthy and capable of responding to external ligands. Together, these data strongly support roles for IR25a and IR76b as components of a multimeric sour taste receptor.
Oviposition Preference on Acid-Containing Food Is Mediated by Sour GRNs and IR25a and IR76b
When given a choice, Drosophila females prefer to lay their eggs on acetic-acid-containing food [33] [34] [35] . Acids also enhance palatability and consumption of sugars contaminated with bitter compounds [31] , but this process is mediated by bitter GRNs and might involve extracellular interactions of taste ligands with odorant-binding proteins [36] . Therefore, we focused our investigations for establishing a role for acids in behavior on oviposition preference, for which neither the cellular nor the molecular basis is known. Previous studies have shown that females exhibit a strong oviposition preference for acetic-acid-containing food [34] . We confirmed these observations using sugaragar as substrate, finding that females strongly prefer to lay eggs on acid-containing sugar-agar as opposed to sugar-agar alone, a preference that was not restricted to acetic acid but included several other acids ( Figure 4A ; Figure S4A ). Consistent with previous reports [33, 34] , acids alone do not affect the number of eggs laid but simply induce a shift in preference toward acid-containing sugar-agar ( Figure S4B ). To determine which GRNs mediate oviposition preference, we expressed the inward-rectifying K + channel Kir2.1 under the control of various GAL4 drivers, thereby inactivating specific GRN subtypes (Figure 4B) . Inactivation of all IR76b-expressing GRNs or IR76b only GRNs abolished acid preference. In contrast, simultaneous inactivation of sweet and bitter GRNs had no effect. These findings imply that the sour GRNs mediate female oviposition preference. We next sought to determine the contribution of different taste organs to egg-laying preference. In previous studies, Tsh-Gal80 and Otd-nls:FLP were successfully used to specifically suppress Gr gene expression in either the labellum or legs, respectively [37, 38] . However, both Tsh-Gal80 and Otd-nls:FLP appear to be expressed in bitter and sweet GRNs, respectively, leaving expression unaffected in a subset of IR76b-GAL4-expressing GRNs ( Figure S5 ). We therefore performed oviposition preference assays using females in which specific taste organs were surgically removed ( Figure 4C ). Overall, preference for acidcontaining sugar-agar was significantly reduced, regardless of which taste structures were removed. However, ablation of foretarsi had a significantly stronger effect than removing midlegs or hindlegs or elimination of the labial palps. Surgical manipulations had less of an effect when acetic acid was replaced with citric acid, and only removal of the forelegs led to a significant reduction in egg-laying preference ( Figure 4C ). Taken together, these observations strongly suggest that sour GRNs residing in the forelegs are the main mediator of oviposition preference on acid-containing substrates.
To determine whether oviposition preference is dependent on IR76b and IR25a function, we examined the distribution of eggs laid by mutant females. Indeed, both types of females lost preference for acid-containing sugar-agar completely ( Figure 5 Figure 5A,  lane 7) . Surprisingly, however, restoring expression of IR25a only marginally improved oviposition preference ( Figure 5B , lane 5), which was unexpected, because sour GRN responses of such flies were fully restored ( Figure 3B ). We wondered whether lack of oviposition rescue was related to the more basic role of IR25a compared to IR76b. Specifically, IR25a is expressed in many more olfactory neurons than IR76b, serves as a core subunit of olfactory receptor complexes [23, 39] , and also functions as a critical component of IR-based hygro sensors and temperature sensors [25, 26, 28] . For example, broad and high IR25a expression might lead to the formation of novel receptor complexes in neurons of these sensory systems and interfere or counteract the ability of sour GRNs to mediate oviposition preference on acid-containing sugar-agar. To further explore this possibility, we performed rescue experiments of IR25a mutant flies by complementing IR25a function in IR76b-expressing neurons. Indeed, these females showed strong oviposition preference on citric-acid-containing sugar-agar but still failed to rescue oviposition preference on acetic-acid-containing sugar-agar ( Figure 5B, lane 8) . Because volatile acetic acid can be sensed by olfactory sensory neurons through IR complexes [40] , we suspected that ectopic IR25a expression in IR76b-GAL4 olfactory neurons might interfere with acetic acid oviposition preference. Indeed, when antennae were removed, oviposition on acetic-acid-containing sugar-agar was also restored in such females ( Figure 5B, lane 9) . Together, Concentrations used: 100 mM for acetic acid, citric acid, and tartaric acid; 10 mM for glycolic acid and malic acid; 50 mM for HCl; 50 mM and 500 mM for NaCl; and 100 and 500 mM for KCl. All data are shown as the mean, and error bars indicate SEM; one-way ANOVA with post hoc Bonferroni correction, different letters indicate a significant difference with p < 0.05; 6 % n % 12.
these data show that oviposition preference requires the function of both IR25a and IR76b.
DISCUSSION
In mammals, acids activate a specific set of sour taste cells, presumably through a proton channel, the identity of which is not yet known [41, 42] . In this paper, we identified taste sensory neurons in the tarsi of Drosophila that are narrowly tuned to acids, implying that soluble, non-volatile chemicals have critical roles in the chemosensation of fruit flies. We further show that acid detection is mediated by the ionotropic receptors IR76b and IR25a, and behavioral studies have established that both sour GRNs and these IR proteins are essential for oviposition preference. To our knowledge, no sour taste receptors have yet been identified in any animal and, thus, IR76b and IR25a represent the first subunits of such a taste receptor.
Refinement of the Drosophila Chemosensory System
The complexity of the Drosophila chemosensory system has long been underappreciated. Comprehensive electrophysiological and Ca 2+ imaging studies of taste sensilla revealed that both bitter as well as sweet GRNs have distinct tuning profiles [8, 12-15, 43, 44] . This observation is consistent with extensive expression analyses, which showed that different bitter GRNs express overlapping, but not identical, sets of bitter Gr genes [8, 13] . Likewise, sweet GRNs of distinct taste sensilla fall into different subclasses characterized by their sugar response profile [12] , which is mediated by the specific subset of sugar Gr genes they express [19] . However, sweet GRNs were recently implicated in the taste of fatty acids [45] , challenging the notion of an exclusive, labeled line model in the taste system of the fly. The identification of taste neurons tuned exclusively to acids and two components of a sour taste receptor, IR25a and IR76b, significantly broadens the perceptive range of the Drosophila taste system.
Sour Taste Receptors
The IR gene family expanded during invertebrate evolution, presumably from a common ancestor gene of the iGluR gene family [23, 46] . Of the 60 Drosophila IR genes, 14 encode subunits of multimeric receptors in olfactory neurons of coleoconic sensilla in the antenna [23, 39, 47] , each expressing up to four different members that include either IR8a or IR25a. These two IRs are the closest relatives to iGluRs, with whom they share overall structure that includes an amino-terminal domain (ATD) absent in all other IR proteins [46] . Based on genetic and electrophysiological studies, Abuin and colleagues proposed that IRs function as tetrameric ligand-gated ion channels with heterogeneous ion-conductance properties, composed either of IR8a or IR25a, and two additional ''antennal'' IRs that provide odorant specificity [39] . Based on the work presented here, we suggest that IR25a also serves as a core subunit in multimeric ligand-gated taste receptor channels for acids. Furthermore, we propose that IR76b is a co-receptor of this channel along with one additional IR subunit, which together convey ligand-binding specificity. This additional IR might be found among members of the IR20a clade, which are expressed in small subsets of taste neurons [24] , albeit none of the available GAL4 lines was found to be expressed in the sour GRNs of tarsi (data not shown). We note that either one or the ) GRNs abolishes acid preference, whereas silencing only the sweet and bitter GRNs has no effect. Gr33a-GAL4 Gr64f-GAL4/UAS-Kir2.1 (silencing bitter/sweet GRNs). (C) All major taste organs contribute to oviposition preference for acetic acid (left), but removal of the forelegs has a more severe effect than removal of any other taste organ. The loss of oviposition preference for citric acid after removal of any specific taste organ is less pronounced, and significant reduction is only observed when the forelegs are removed. Genotype: w other ATD-containing IR protein (IR25a and the olfactory neuronspecific IR8a) is present in most IR-based chemoreceptor complexes characterized thus far [26, 28, 39] . A more basic core function for IR25a as opposed to IR76b is also suggested by rescue experiments in IR25a mutant flies. Specifically, limited expression of UAS-IR25a under the control of IR76ba-GAL4 in antenna-less females was competent to rescue oviposition preference completely for both acids we tested, whereas wider expression of UAS-IR25a under control of IR25a-GAL4 appeared to counteract restored sour taste function, most likely due to the generation receptors in other sensory neurons ( Figure 5B ). A potential mechanism by which sour GRNs are activated by acids might involve proton (i.e., hydronium) translocation. Our All data are shown as the mean, and error bars indicate SEM; one-way ANOVA with post hoc Bonferroni correction, different letters indicate significant difference with p < 0.05; 20 % n % 39.
Ca
2+ imaging experiments using HCl or buffered carboxylic acid solutions have shown that protons are necessary and sufficient for activating sour GRNs, whereas the presence of the conjugate carboxylic base is not (Figures 2 and 3) . How are these observations compatible with the finding that strong acids are less potent activators of sour GRNs than weak acids (Figure 2 ; Figure S3) ? We suggest that GRN responses to strong, completely dissociated acids are mediated by translocation of free protons (i.e., H 3 O + ) across the channel pore. In contrast, only a small fraction of weak, carboxylic acids is dissociated in the aqueous taste lymph, and a large putative proton pool remains available in non-dissociated form. Non-dissociated carboxylic acids might bind to the IR complex at the channel pore, providing a source of additional protons through dissociation. However, our data are also compatible with a more complex proton transport mechanism that might include additional channels associated with the IR complex. Interestingly, a proton channel has been proposed to be responsible for activation of sour taste cells in the mouse taste bud [41, 42] .
IRs as Multimodal Receptors
Although IR proteins have been studied mainly in the olfactory system, they have emerged as critical sensors in numerous other processes, including temperature sensing in larvae and humidity sensing in the antenna [25, 28, 48] , and several genes of the IR20a clade are expressed in tarsi and labial palps of the fly, presumably with roles in taste and/or pheromone perception [24] . Last, IR76b has been implicated in attractive low-salt sensing mediated by labellar taste neurons [7] , polyamines in taste pegs [27] , and amino acid taste in larvae [22] . Interestingly, the sour neuron of one of the tarsal sensilla (5v) is not only activated by acids but also by high concentration of NaCl in an IR76b-dependent manner ( Figure 3 ). Our behavioral analyses have shown that sour GRNs on the foretarsi and IR25a/IR76b are essential for oviposition preference on agar that contains acids, which are common ingredients found in natural egg-laying sites (fruits). Acids suppress bacterial and microbial growth [49] , and hence their presence may have direct benefits on larval fitness. Last, sour taste neurons are fully functional in adult male flies, and thus it is likely that both males and females can perceive sour taste for purposes other than oviposition.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTRACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hubert Amrein (amrein@tamhsc.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Flies husbandry and strains All flies were cultured on common corn meal food at 25 C on a 12 hr light/dark cycle. Standard fly food, contained in 1.5 L of water, is composed of 10.88 g of agar, 78 g of corn meal, 165 g malt extract, 41.25 g of yeast extract, 4.69 g of propionic acid, 0.28 g of streptomycin and 2.11 g of tegosept. A detailed list of fly strains used for this paper is provided in the Key Source Table. METHOD DETAILS Expression Analysis and Immunohistochemistry Four to seven day old flies were anesthetized with CO 2 : Forelegs were cut between the 3 th and 4 th segment with a razor blade, while labella were dissected with forceps. For brains and ventral nerve cords, whole, abdominally punctured flies were used. Dissected tissues/whole flies were fixed in PBS with 4% paraformaldehyde for 30 min at room temperature, and then rinsed twice with PBST (PBS+0.3% triton) solution and washed with PBST for 1 hr. Brains and ventral nerve cords were then dissected for antibody staining. For antibody staining, tissue preparations were incubated in PBST+10% horse serum at 4 C overnight. Preparations were rinsed twice and washed for 1 hr with PBST. Secondary antibodies were added to PBST+10% horse serum, and then incubated at room temperature for 3 hr. Secondary antibodies were removed, tissue rinsed twice and washed for 3 hr with PBST. Preparations were mounted on slides with Vector Shield, covered with a coverslip and sealed with nail polish. Slides were stored at 4 C until examination by confocal microscopy. Primary antibodies: Chicken polyclonal anti-GFP (dilution at 1:2000, Thermo Fisher Scientific), rat polyclonal anti-HA (dilution at 1:200, Covance), rabbit polyclonal anti-IR25a (dilution at 1:200) [23] and mouse monoclonal antinc82 (dilution at 1:50, DSHB). Secondary antibodies: Alexa 488 conjugated goat anti-chicken (dilution at 1:500, Thermo Fisher Scientific) and Alexa 555 conjugated goat anti-rabbit (dilution at 1:500, Thermo Fisher Scientific), Alexa 568 conjugated goat antimouse (dilution at 1:500, Thermo Fisher Scientific), and Cy3 conjugated goat anti-rat (dilution at 1:300, Jackson Immunoresearch). Images were acquired using a Nikon A1 confocal microscope and NIS element acquisition and analysis package.
Chemicals
A detailed list of chemicals used in these studies is provided in the Key Resources Table. Acetate and Citrate Buffer To produce 100 mM acetate and citrate buffers, 100 mM acetic or citric acid was mixed with 100 mM sodium acetate or 100 mM sodium citrate, respectively, at ratios described by Gomori [52] until the solutions reached the pH of 3.0, 3.6, 4.2, 4.8 and 5.4, respectively.
Calcium Imaging
Foreleg of females of indicated genotypes were prepared as follows: After cutting below the fermur, the lower part of the tibia and the first three tarsal segments were dipped in silicone oil (MatTek Corp) to prevent leakage and dehydration and placed on double-sided scotch tape and stuck to a glass bottom dish (see also [14] ). The preparation was fixed by covering it with 1% agarose, so that only the fourth and fifth tarsal segments were exposed. The preparation was covered with 100 mL of water. Imaging was initiated by adding 100 mL of test solutions (2x of the final concentration of the indicated ligand) using a pipette. Images were acquired every 500 ms, 20 frames before application (10 s) and 90 frames after application (45 s) of ligand. Each preparation was tested with 2-4 different compounds. Imaging was performed with a Nikon eclipse Ti inverted microscope using a Nikon 20x water objective and a Lumen 200 light source (Prior Scientific Inc). Samples were excited at 488 nm (metal halide lamp), and emitted light was collected through a 515-555 nm filter. Data acquisition was performed with NIS-Elements software (Nikon). To calculate max DF/F %, measurements were taken in the cell bodies. Adjacent regions were used to determine background auto fluorescence. Average of ten frames taken immediately before the application of ligand was defined as a baseline. Max DF/F % represented the highest value within 30 s after ligand application.
Two-choice Oviposition Assay two-choice oviposition assay was modified from Joseph et al. [34] , by replacing corn meal food with 1% agar containing 100 mM sucrose (sugar-agar). Plastic petri dishes (60 X15 mm, Falcon), one half containing sugar-agar and the other half containing sugaragar plus acid, were used as oviposition platform. About 40 to 60 newly eclosed flies (half males, half females) were transferred to fresh vials with standard food, plus instant yeast and kept at 25 C for 4-7 days; flies were anesthetized on ice and transferred into plastic cups (perforated with holes), which were covered with the oviposition platforms. Flies were let to lay eggs at room temperature (22 ± 1 C) for 12 to 14 hr in the dark. Female flies in each plastic cup and eggs on each side of the plate were counted. Oviposition index (O.I.) was calculated as: (number of eggs on sucrose-acid mixture -number of eggs on sucrose)/total number of eggs.
Surgical manipulations
Surgical manipulations were carried out on 2 to 3 day-old females, which were anesthetized with CO 2 for removal of respective appendages. A razor blade or forceps were used for removing the tip of labellum and the tarsi/3 rd antennal segment, respectively.
Females were let to recover for 4 to 5 days on standard food with instant yeast in the presence of males, before they were used in the oviposition assays.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was carried out in SPSS. Data shown in graphs indicate ''mean'' and error bar represent ''standard error of the mean'' (sem). n represents the number of preparations in immunostatinng experiments, the number of neurons in Ca 2+ imaging experiments and the number of plates in two-choice oviposition preference assays. Two-tailed unpaired Student's t test was performed to compare two different groups of samples (Figures 2B and 4A ; Figures S2, S3 , and S4), while one-way ANOVA with Bonferroni correction was performed to compare multiple groups of samples ( Figures 3, 4B , 4C, and 5).
